Background: Good hand hygiene has for many years been considered to be the most important measure that can be applied to prevent the spread of healthcare-associated infection (HAI). Continuous emphasis on this intervention has lead to the widespread opinion that HAI rates can be greatly reduced by increased hand hygiene compliance alone. However, this assumes that the effectiveness of hand hygiene is not constrained by other factors and that improved compliance in excess of a given level, in itself, will result in a commensurate reduction in the incidence of HAI. However, there is evidence that the law of diminishing returns applies to hand hygiene, with the greatest benefits occurring in the first 20% or so of compliance. While this raises intriguing questions about the extent to which increasing compliance alone can further reduce rates of HAI, analysis of this subject has been hampered by a lack of quantifiable data relating to the risk of transmission between patients on wards.
Background
Good hand hygiene has for many years been considered the single most important measure that can be applied to prevent the spread of healthcare-associated infection (HAI) [1] . Through regular cleansing of hands, healthcare workers (HCWs) reduce the risk to transmitting pathogens between patients and thus reduce the risk of exogenously-acquired infection. This has led to the widespread opinion that HAI rates can be greatly reduced by increased hand hygiene compliance alone [2] . However, while it is undoubtedly the case that improved hand hygiene is beneficial [1, 3] , there is evidence to suggest that the law of diminishing returns applies to hand hygiene, with the greatest benefits occurring in the first tranche of compliance [4, 5] . Recently we used a deterministic Ross-Macdonald model of a medical ward [6] , to demonstrate that, in most situations, little benefit is accrued from very high levels of hand hygiene. While this study yielded insights into the spread of infection through imperfect hand hygiene practised by HCWs in hospital settings, it was hampered by the fact that our model was deterministic in nature and unable to take into account the chance events that frequently occur in such environments. Therefore in order to gain a greater understanding of the transmission of infection between patients via the hands of HCWs, we constructed a novel stochastic Monte Carlo model. We used this model to simulate the spread of methicillinresistant Staphylococcus aureus (MRSA) between the patients in adjacent beds, with the aim of understanding the contribution of the various factors which influence transmission.
Methods
A stochastic model to analyse the transmission of MRSA between patients via the hands of HCWs was constructed using Microsoft Excel. The model used Monte Carlo methodology to simulate the transmission of infection between two adjacent patients, denoted A and B. In the model it was assumed that:
• Patient A is the actual source of MRSA.
• Patient A is continuously, and not intermittently, colonized with the bacterium.
• The HCWs movements are in one direction only (i.e. from A to B).
• The transmission of MRSA is caused only by contact with the transiently colonized hands of the HCW.
• No gloves or other personal protective equipment are used by HCWs.
• Contacts between the transiently colonized HCW and the uncolonized patient have a given probability of colonizing the patient, which is termed the HCWto-patient transmissibility, p.
• The HCW acquires transient hand-contamination only by touching the colonized patient. All such contacts between the uncolonized HCW and colonized patient have a given probability of colonizing the carer, which is termed the patient-to-HCW transmissibility, p'.
• MRSA can only be removed from the hands of HCWs by hand hygiene, with the level of compliance (using the standard that hands are cleansed before and after direct patient contact) being γ.
• The efficacy of the hand hygiene process, λ, is less than 100% meaning that not all MRSA bacteria are eliminated.
• The values of p, p', γ and λ are normally distributed.
For ease of computation, simulations were conducted in batches of 100. In each simulation batch it was assumed that a HCW made 100 journeys from Patient A to Patient B, and that on each occasion physical contact was made between the HCW and the two patients. The number of hand hygiene events that occurred during the various movements was determined using a normally distributed random number generator. Similarly, the precise values of p, p', γ and λ were determined using a normally distributed random number generator. Each batch was then repeated 1000 times, making a total of 100 000 individual simulations in all.
While mean values and standard deviations for p, p', γ and λ are specified by the user, to ensure stochasticity a random number generator was used in the model to determine the precise values of each variable during any given batch simulation. So for example, if hand hygiene compliance, γ, is 0.4, then in each simulation batch the model will randomly allocate 40 hand hygiene events to the 100 HCW journeys. A similar approach is taken for p and p', with the number contamination events being stochastically determined and then randomly allocated in a discrete manner to the 100 HCW journeys. For any given journey, transmission of infection from one patient to another is deemed to occur when: contamination of the HCW's hands occurs following contact with Patient A, followed by contamination of Patient B via contact with the uncleansed hands of the HCW.
Transmission can also occur when the efficacy of the hand hygiene process, λ, is less than 1.0, with the precise risk being determined by applying the coefficient (1-λ) to the probability score for the individual journey.
Having created the model for transmission of MRSA from Patient A to Patient B, we then placed both these patients in a four bedded bay (where they were joined by patients C and D) and created a random walk model to calculate the risk of transmission from Patient A (the source of MRSA) to patients B, C or D (all of whom were not colonised at the outset of the experiment). This model utilized the same Monte Carlo methodology as that described above and used a random number generator to determine the various journeys made the HCWs (e.g. from Patient A to Patient D; from Patient B to Patient C; etc.). Only those HCW journeys which originated with Patient A were deemed to carry any risk. All other journeys, including those that ended at Patient A, were deemed to carry no risk.
Model Scenarios
Because we wanted to evaluate the impact of placing an MRSA carrier in a ward it was assumed that Patient A was continuously colonized The default mean values for p' and p were assumed to be 0.4 and 0.1, respectively, similar to those used by Austin et al [7] (see Table 1 ). This implies that the HCW is four times more likely to contaminate their hands through contact with a colonized patient than he/she is to colonize a subsequent patient.
In our study we modelled the effect of varying hand hygiene compliance, γ, (i.e. γ = 0.0, 0.1, 0.2 ... 1.0) on the transmission of MRSA, firstly from Patient A to Patient B, and then from Patient A to patients B, C and D. In this analysis it was assumed that the hand hygiene efficacy was either 58% or 83% -as reported by Girou et al [8] for HCWs in a clinical setting using antibacterial soap and an alcohol-based solution, respectively. Finally, we also evaluated the impact of varying the value of p'.
Results
Figures 1, 2 and 3 shows three simulation outcomes (chosen at random for illustrative purposes) arising from the same input data (i.e. mean values for p, p', γ and λ of 0.40, 0.10, 0.40 and 0.83, respectively). Figure 1 represents a batch where no transmission occurs between patients A and B and is the outcome that arises most often. Figure 2 shows a situation where some transmission occurs, but the risk is still relatively low, and Figure 3 represents a potential outbreak situation, where the risk of transmission is high -a situation that occurs very infrequently. From this it can be seen that on most occasions when HCWs move from one patient to another, there is no risk to the latter. However, on occasions chance events conspire to create a situation where the risk of transmission can be relatively high. For example, in Figure 3 it can be seen that twelve of the movements from Patient A to Patient B pose a risk. The intervention of the hand hygiene process is clearly visible for six of these interpatient movements in Figure 3 , whereas on six other occasions the fact that the HCW did not practice hand hygiene is evident (i.e. the probability of transmission equals 1.0). On the occasions where the probability of transmission is less than one, but greater than zero, this indicates that although the HCW undertook hands hygiene, the efficacy of the cleansing process was less than 1.0.
The results of varying hand hygiene compliance for HCWs using both antibacterial soap (γ = 0.58) and an alcoholbased solution (γ = 0.83), under the default conditions, are shown in Table 2 . From this it can be seen that:
• Even with no hand hygiene compliance at all, the average risk of transmission from Patient A to Patient B is only about 4%) -implying that most journeys made by HCWs pose no risk at all.
• At lower levels of hand hygiene compliance little benefit is gained from using the alcohol hand rub, despite the fact that the mean efficacy of the alcohol rub is 0.83, compared with 0.58 for the antibacterial soap (as determined by Girou et al [8] ). However as compliance increases, so the alcohol rub out-performs the soap.
• Although an increase in hand hygiene compliance generally reduces the risk of transmission between adjacent patients, because of stochasticity (i.e. chance events), increased hand hygiene compliance does not always result in a lower risk of transmission between patients. These results are the average probabilities generated by the model. While they give a good indication of the quantifiable benefits of hand hygiene, they give little indication of variations that occur due to random events. However chance events are of great importance and it is critical to take into account those rare events, such as those shown in Figure 3 , which may lead to an outbreak of MRSA infection. Figure 7 shows the frequency distribution for the results of a 1000 batch simulations and is typical for the default condition. From this it can be seen that 29.4% of batch simulations resulted in no risk of transmission at all. Indeed, 42.1% of simulations resulted in a risk of transmission <2% between patients A and B. However, 4.2% of simulations resulted in a risk of transmission >10%, with one simulation producing a risk of 24.0%. By comparison Figure 8 shows the frequency distribution when hand hygiene compliance is 70% (i.e. 30% above the default condition). From this it can be seen that the improvement in compliance 'shortens' the frequency curve, so that now 51.0% of simulations resulted in a risk of transmission <2%, and only 0.5% of simulations result in a risk of transmission >10%, with the highest risk recorded is now 18.0%.
From the analysis above it can be concluded that, as HCW hand hygiene compliance increases, so the number of high risk events reduces. This phenomenon is quantified in Table 3 , which shows the probability frequency distri- bution for the default condition over a range of compliance levels.
Four Bedded Bay
Colonized patients may be placed in ward bays containing more than one other patient. This may occur for example before colonization status is known or because of insufficiency of isolation rooms. Therefore, in order to gain a greater understanding of the risks posed by placing a colonized patient in a multi-bed area, we simulated MRSA transmission in a four-bedded bay, containing patients A, B, C and D, using a random walk Monte Carlo model. The results of this analysis are presented in Figure  9 , which shows the risk of colonisation for another patient cared for in the same bay as Patient A (i.e. the continuous carrier), assuming that alcohol rub is used by the HCWs attending to all patients in the bay. Thus, under the default condition, when hand hygiene compliance is 40%, each journey made by a HCW to, say, Patient B, involves an average transmission risk of about 0.9% (i.e. on average one journey in 111 journeys results in Patient B becoming colonized). From Figure 9 it can be seen that the curves are similar in shape and slope to those in figures 4, 5 and 6. However, the risk of transmission to patients B, C and D is only a third of that shown in figures 4, 5 and 6. This is because only a third of the HCW journeys to patients B, C and D originate with Patient Athose journeys that do not involve Patient A pose no risk at all. Consequently, the risk that a HCW will transmit MRSA on any given journey between two patients in the bay is very small indeed. Of course, as hand hygiene com- Impact of hand hygiene compliance on the probability of transmission between patients A and B 
Discussion and conclusion
The study presented in this paper is, to our best knowledge, the first to use this methodology systematically quantify the risk of transmission of a MRSA between patients, via the hands of HCWs. Although purely a mathematical study, it sheds new light on the risks associated with the transmission of MRSA on the hands of HCW and has potentially important implications for infection control practice. Foremost amongst these is the observation that most hand hygiene events may not contribute significantly to the control of infection. From Figure 6 it can be seen that for the worst case scenario (i.e. for a HCW travelling from Patient A [the index case] to Patient B, without practising hand hygiene), the risk of MRSA transmission is approximately 4%. Furthermore, when it is considered that most of the journeys made by the HCW on the four bedded bay do not involve Patient A and therefore pose no risk at all, it is clear that most hand hygiene events may be ineffectual. It could be argued that a blanket approach to hand hygiene is justified on the grounds that it is not possible to know at any given time colonisation status of individual patients. While this non-discriminatory approach has some merit, it has the major drawback that a considerable amount of effort may be wasted in the HCW hand hygiene when it is not needed. In short, the potential benefits of increased hand hygiene are diluted amongst all the patients, rather than focused on those patients who are most likely to be colonized or patients who are already known to be colonised or infected and who therefore pose the greatest risk in infection control terms. Consequently, if the staff on a ward manage to increase compliance by, say 20%, the net benefit of all their additional effort is likely to be much less than it might otherwise be, simply because most of hand hygiene events are expended on journeys that present no risk at all. If however, the HCWs could focus the additional '20% compliance' on those patients who are at highest risk of MRSA carriage, then it is much more likely that transmission rates will be reduced. This simple observation highlights the importance of identifying as quickly as possible those patients who are colonized. If colonized patients are not identified, then a 'blanket' approach must remain in place. However, when colonized patients are detected, Impact of hand hygiene compliance on the probability of transmission between patients A and B then extra precautions, including the need for augmented hand hygiene compliance can be implemented. This approach, however, is dependent, on the ability to identify and isolate MRSA-colonized patients as early as possible, as this will give the best chance of minimizing highrisk stochastic transmission events.
From the data presented in figures 4, 5, 6 and 9 it is tempting to assume that the relationship between hand hygiene and the transmission of MRSA is a linear one. This however is not the case. From Figure 1 it can be seen that transmission of MRSA occurs in discrete events, which are stochastic in nature: thus, the greater the number of 'highrisk events' (such as that shown in Figure 3) , the greater the likelihood that transmission will occur. Consequently, it is the frequency of the 'high-risk events', rather than average probability, that, in reality, governs whether or not transmission will occur. From figures 7 and 8 and Table 3 it can be seen that, as hand hygiene compliance increases, so the frequency distribution of the probabilities alters and the number of 'high-risk events' dramatically decreases. When hand hygiene compliance is very low, say 10%, 'high-risk events' occur relatively frequently with the result that transmission between patients is likely to occur. However as compliance increases, so the rate at which 'high-risk events' occur, rapidly decreases, until a point is reached, beyond which, further hand hygiene is unlikely to yield any greater benefit. Indeed, as 'high-risk events' become more infrequent, other factors, such as the admission of MRSA-colonized patients onto wards, tend to become more dominant [6] , with the result that no amount of additional hand hygiene can reduce ward prevalence rates. This phenomenon may explain the findings of Beggs et al [6] and Cooper et al [4] , that the relationship between hand hygiene compliance and ward prevalence is Impact of hand hygiene compliance on the probability of transmission from Patient A to another patient on a fourbedded bay Figure 9 Impact of hand hygiene compliance on the probability of transmission from Patient A to another patient on a four-bedded bay. A mean value for p of 0.10 and a hand hygiene efficacy of 83% for alcohol rub is assumed. asymptotic rather than linear. As such, our analysis provides further evidence that the law of diminishing returns applies to hand hygiene. The greatest benefits are derived from the first tranche of compliance, with higher levels (>50%) of hand hygiene yielding only marginal benefits.
Our data also suggest that the risk of MRSA transmission between patients via the hands of HCWs is generally very small. This can be seen in Figure 9 which effectively quantifies the risk that any given patient on a four bedded bay will become colonized following contact with a HCW who has previously attended to another patient. For the worst case scenario, when p' = 0.4 and hand hygiene compliance is zero, the risk of transmission is approximately 1.3%. In other words, a patient will become colonized, on average, after about 77 visits from a HCW. However, when the value of p' is smaller and hand hygiene compliance is greater, which is generally the case, this risk greatly reduces For example, when p' = 0.2 and compliance is 40%, then the risk of transmission is only 0.5% (i.e. one in 200 journeys). This concurs with the findings of Forrester et al [9] who, when modelling transmission of MRSA on a twelve bed intensive care unit (ICU), reported rates similar to ours.
Our data suggest that the risk of transmission by the handborne route appears to be lower than might be expected. This raises important questions as to the extent to which other routes of transmission or reservoirs of infection, contribute to the spread of MRSA in hospital settings. In this respect it is worth noting that widespread environmental contamination can occur from MRSA colonized patients [10] [11] [12] , and that environmental contamination has been implicated in several outbreaks of MRSA [13] [14] [15] . Efforts to combat MRSA and other healthcare-associated have traditionally regarded HCW hand hygiene as the pre-eminent infection control measure. However, although hand hygiene remains a cornerstone of good infection control practice our data suggest that continuous exhortations to healthcare workers to achieve 100% compliance may not yield the expected benefits that such high levels of compliance are intended to produce.
While the subject of this paper is MRSA, the model presented here is generic in nature and can equally be applied to any pathogen transferred between patients on the hands of HCWs, provided that realistic assumptions are made. However, as with all mathematical models, it is important to appreciate the limitations of our methodology, which applies only transmission via the hands of HCWs. No allowances have been made for the application of personal protective equipment such as gloves, or for the presence of environmental reservoirs that might contribute to the transmission of infection. Furthermore the model did not consider that some patients might be at higher risk of transmitting MRSA such as those with pneumonia or heavily colonised wounds. Consequently, the model may only be of limited applicability to pathogens such as Clostridium difficile and Acinetobacter baumannii where environmental contamination is thought to play an important role in the transmission of infection.
